In the present work, a diusion model was applied to estimate the boron diusion coecients in the FeB and Fe2B layers during the pack-boriding of AISI D2 steel in the temperature range of 12231323 K during a variable exposure time between 1 and 8 h. The mass balance equations were formulated at each growing interface by considering the eect of boride incubation times. The estimated values of boron activation energies in the FeB and Fe2B layers were compared with the literature data. Validation of the present model was made by comparing the experimental thickness of each boride layer, taken from the literature data, with the predicted values. In addition, a simple equation was suggested to estimate the required time to obtain a single Fe2B layer by diusion annealing.
Introduction
Boriding (or boronizing) is a well-known thermochemical treatment in which boron is diused into the surfaces of ferrous and non-ferrous alloys metal substrate to form a hard layer composed of metallic borides [1] . In particular, two kinds of iron borides (FeB and Fe 2 B having denite boron compositions [2] ) can be formed at the surface of ferrous alloys (steels and Armco iron). As a consequence of this thermochemical treatment, properties such as wear resistance, surface hardness and corrosion resistance are improved. Boriding can be achieved with boron in dierent states such as solid powder, paste, liquid, gas and plasma. The widespread used method is pack-boriding (similar to pack-carburizing) because of its technical advantages [3, 4] . The pack contains a boron source such as a B 4 C compound, an activator to deposit atomic boron at the sample's surface and a diluent. The boriding process is realized in the temperature range of 10731273 K between 1 and 10 h. The morphology of the boride layers is inuenced by the presence of alloying elements in the matrix. Saw-tooth-shaped layers are obtained in low-alloy steels whereas in high-alloy steels, the interfaces tend to be at. The similar eect is visible depending on carbon content in the substrate. Carbon does not dissolve in FeB boride and its solubility in Fe 2 B boride is very low. Therefore, during boriding of steels, carbon is being moved in a core direction by following the boron diusion front. Carbon is ejected from interstitial positions by boron, which forms iron borides at the surface. This phenomenon is accompanied by an increase in * corresponding author; e-mail: keddam@yahoo.fr carbon concentration beneath iron borides, formed on the substrate of constant carbon content. Therefore, the high concentration of carbon makes dicult the boron diusion. So, the iron borides produced on high-carbon steels show tendency towards a loss of the saw-tooth nature.
The modeling of the boriding kinetics is considered as a suitable tool to match the case depth with the intended industrial applications of the borided steel. Therefore, the modeling of the growth kinetics of boride layers has gained much attention to simulate the boriding kinetics during these last decades for the solid boriding [2, 4, 530] and recently for the gaseous boriding [31, 32] .
In the present work, an original diusion model [3] was suggested to estimate the boron diusion coecients in the FeB and Fe 2 B layers grown on AISI D2 steel including the eect of boride incubation times. A non-linear boronconcentration prole is assumed through the boride layers. The mass balance equations were applied to the two diusion fronts: (FeB/Fe 2 B) and (Fe 2 B/substrate) interfaces in the temperature range of 11731323 K. In addition, a simple equation was proposed to estimate the required time to get a single Fe 2 B layer by diusion annealing.
The mathematical model
The model considers the (FeB/Fe 2 B) bilayer growth on the saturated substrate with boron atoms as displayed in Fig. 1 . C (=8.83 wt%B) are respectively the upper and lower boron concentrations in Fe 2 B. C ads is the adsorbed concentration of boron [7] . u is the position of the (FeB/Fe 2 B) interface, v is the position of the (Fe 2 B/substrate) interface, C 0 is the boron solubility in (740) the matrix and equal to 35 × 10 −4 wt%B [8] . The upper boron content in the FeB phase (C FeB up ), imposed by the boriding medium, gives rise to the two iron borides FeB and Fe 2 B. From a thermodynamic point of view, the FeB phase exhibits a narrow composition range (of about 1 at.%B or 0.2 wt%B), as pointed out by Massalski [33] . The upper boron content in the FeB phase was taken in the composition range of (16.2516.43 wt%B) to obtain a bilayer conguration consisting of the two iron borides FeB and Fe 2 B. The kinetics is dominated by the diusioncontrolled mechanism;
The growth of boride layers is a consequence of the boron diusion perpendicular to the sample surface;
The range of homogeneity of iron borides is about (1 at.%B) or (0.2 wt%B);
The iron borides nucleate after a certain incubation time;
The boride layer is thin in comparison with the sample thickness;
Local equilibrium is occurred at the phase interfaces;
Planar morphology is assumed for the phase interfaces;
The volume change during the phase transformation is ignored;
The diusion coecient of boron in each iron boride do not vary with the boron concentration and follows an Arrhenius relationship;
A uniform temperature is assumed throughout the sample;
No eect of the alloying elements on the boron diffusion is considered;
The presence of porosity is ignored during the boron diusion.
The initial conditions of the diusion problem are set up as
(1) The boundary conditions are given by the following equations:
for C ads ≤ 16.23wt.% B and with FeB phase, (3) 
for C ads ≤ 8.83wt.% B and without FeB phase, (5)
The mass balance equations are given by Eqs. (10) and (11):
with
The boron ux through a given boride layer is obtained from the Fick rst law as follows:
and D
Fe2B B
are the diusion coecients of boron in the FeB and Fe 2 B layers, respectively. The distribution of boron concentration through the FeB layer is given by
By the same way, the distribution of boron concentration through the Fe 2 B layer can be obtained as follows:
The FeB layer thickness u grows parabolically according to Eq. (15), where k FeB represents the parabolic growth constant at the (FeB/Fe 2 B) interface
The distance, v, is the location of the (Fe 2 B/substrate) interface and k the corresponding parabolic growth constant (Eq. (16)) and the dierence (l = v − u) represents the Fe 2 B layer thickness given by Eq. (17):
with t FeB 0 (T ) < t 0 (T ) and k < k FeB , where t 0 (T ) is the boride incubation time of the total boride layer (FeB+Fe 2 B) and t FeB 0 (T ) is the boride incubation time of FeB layer. The two temperature-dependent parameters β FeB (T ) and β(T ) are respectively given by Eqs. (18) and (19) :
and
The FeB layer thickness (u) is related to the β FeB (T ) parameter by Eq. (20): 
3. Determination of boron diusion coecients in the FeB and Fe 2 B layers
To determine the boron diusion coecients in the FeB and Fe 2 B layers grown on AISI D2 steel, the experimental results taken from the M.Sc. thesis of ChavezGutiérrez [34] on the borided AISI D2 steel were used to validate the diusion model. In this reference work, the powder-pack boriding was carried out at four temperatures (1173, 1223, 1273, and 1323 K) for three exposure times 4, 6 and 8 h using B 4 C Durborid as a boriding medium. Eighty measurements were performed on dierent cross-sections of the borided samples from the AISI D2 steel to determine the thickness of each boride layer. Tables I, II provide the experimental parabolic growth constants at each phase interface with the corresponding incubation times. The experimental values of parabolic growth constants at each phase interface were obtained from the slopes of the curves relating the squared boride layer thickness to the boriding time. The boride incubation times were deduced for a null boride layer thickness. It was shown that the higher boriding temperatures involve the shorter incubation times [22, 27] as shown in Tables I and II. Figure 2 describes the temperature dependence of the two parameters β FeB (T ) and β(T ). It is noticed that these two parameters are linearly dependent on the boriding temperature and can be approximated by Eqs. (22) and (23) using a linear tting of experimental data taken from Ref. [34] :
For this purpose, a computer code written in Matlab (version 6.5) was used to estimate the boron diusion coecient in each boride layer. This program requires the following input data: (the time, the temperature, the lower and upper boron concentrations at each phase interface as well as the two parameters β FeB (T ) and β(T )). By solving the mass balance equations (Eqs. (10) and (11)) via the NewtonRaphson method [35] , it is possible to determine the boron diusion coecients in the FeB and Fe 2 B layers. Figure 3 gives the temperature dependence of boron diusion coecients in the FeB and Fe 2 B layers following the Arrhenius equation. The value of boron activation energy in each boride layer can be easily obtained from the slopes of the corresponding curves. Therefore, the boron diusion coecients in the FeB and Fe 2 B layers are respectively given by Eqs. (24) and (25): 
where R is the universal gas constant (= 8.314 J/(mol K)), and T represents the absolute temperature in K. The reported values of the activation energies [22, 27, 29, 30, 34, 36, 37] of the borided steels are listed in Table IV together (20) and (21) can be rewritten as follows:
where T is the boriding temperature in K, u and v are given in µm.
In Table V , the predicted values of the boride layers thicknesses are compared with the experimentally determined values in the temperature range of 11731323 K for a treatment time varying from 80 to 240 min. A good concordance was then observed between the experimental data and the simulation results for an upper boron content equal to 16.40 wt% in the FeB phase.
Total elimination of the FeB layer by diusion annealing
In industrial practice, it is possible to reduce the brittleness of boride layers by controlling their microstructural nature. It is known that a single Fe 2 B boride layer is more desirable than a dual FeBFe 2 B layer [38] . It makes possible to reduce the FeB layer thickness by applying a diusion annealing in H 2 atmosphere. During this stage, the supply of boron is stopped since the concentration gradient of boron in FeB is null (i.e. C 
where u is the FeB layer thickness (µm), l is the Fe 2 B boride thickness (µm) and D
Fe2B B
represents the boron diusion coecient in Fe 2 B. It is seen that the annealing time depends on the boron diusion coecient in Fe 2 B, and also on the thickness of each boride layer. During the diusion annealing, innitesimal reduction of FeB layer is related to the innitesimal growth of Fe 2 B layer by Eq. (29):
The value of Fe 2 B layer thickness l (in µm) after diusion annealing becomes [31] have experimentally determined the annealing time using H 2 atmosphere to get a single Fe 2 B layer on the gas borided Armco Fe at 1173 K for 2 h in a gas mixture (H 2 BCl 3 ). They found that the total elimination of FeB layer was after about 1 h. The diusion annealing of previously packborided AISI 1045 steel was also studied by Campos-Silva et al. [39] . Boronizing parameters were as follows: 1223 K and 8 h. The annealing process, carried out at 1273 K for 8 h, caused that FeB phase disappeared completely. Furthermore, it was shown by Dybkov et al. [40] that annealing of a borided FeCr sample for 6 h also resulted in the disappearance of FeB layer.
Conclusion
In the present work, an original diusion model was suggested to estimate the boron diusion coecients in the FeB and Fe 2 B layers grown on AISI D2 steel. The derived mass balance equations at the (FeB/Fe 2 B) and (Fe 2 B/substrate) interfaces were used for obtaining the boron activation energies in the FeB and Fe 2 B layers. The values of boron activation energies for the AISI D2 steel were 193.6 and 180.6 kJ mol −1 for the FeB and Fe 2 B layers, respectively. In addition, an approach was also proposed to estimate the required time to eliminate the FeB layer for the given boriding conditions. It is concluded that the formation of a single Fe 2 B layer on AISI D2 steel depended on the boriding parameters.
